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ARTICLE INFO ABSTRACT 


Keywords: Sliding electrical contacts are used in devices for the conduction of electrical power or the electrical signals 

Sliding electrical contacts between stationary and moving parts. The most widely used electrical-sliding system is still the conventional slip 

Slip-ring ring and brush assembly. In the last decade, the lifetime of ring-brush contacts was extended through the use of 

Graphite better contact-material combinations and design improvements. However, the extremely rapid electrification of 

Friction á aat A 

$ many more components has put severe demands on this extended lifetime. This paper presents a novel, patented 
ear 


design for two sliding discs that allows the use of advantageous graphite/graphite contacts. In the literature 
there is a serious lack of understanding the performance of sliding electrical contacts with graphite/graphite 
pairs, which depends on the key contact parameters, as well as the influence and potential of the different 
available graphite materials. The normal load, the contact velocity, the electric current, and the three self-mated 
graphite contacts, i.e., hard carbon, electrographite and polymer-bonded graphite, were investigated. The results 
indicate that the contact conditions influence the performance, which is also very dependent on the graphite 
materials. The polymer-bonded graphite showed the best results in this study. 


Electric current 


1. Introduction 


Electrical components and systems, such as electrical motors, al- 
ternators, generators and many other electrical machines, are becoming 
increasingly important in many applications, for example, home ap- 
pliances and, especially, in the automotive industry, due to the recent 
increase in the electrification of many automotive components that 
have to comply with environmental legislation [1]. Sliding electrical 
contacts are used in these devices for the conduction of electrical power 
or electrical signals between stationary and moving parts, with the most 
widely used conventional system being the slip ring and brush [2,3], 
typically referred to as a slip-ring assembly. The efficiency of a slip-ring 
assembly depends on the material properties of the brush and the slip 
ring, their geometry, surface boundary films formed in-situ in the 
contact, the surrounding environment and the operating conditions. To 
ensure efficient, reliable and long-term operation without failure and 
maintenance, several properties are needed, for example, a high wear 
resistance, good electrical and heat conductivity of the contact mate- 
rials, a low electrical contact resistance and a low friction [2,4,5]. This 
makes slip rings with brushes one of the most critical assembly parts in 
these electrical devices. 

In the last decade the lifetime of slip-ring assemblies was extended 
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by better contact-material combinations and design improvements, like 
a smaller slip ring dimeter and, consequently, a lower sliding speed and 
sliding distance, or longer brushes [6,7]. However, longer brushes also 
mean a larger total electrical resistance of the brushes. With such a 
design, the roundness, run-out and contact-surface roughness also have 
an important influence on the slip-ring assembly's performance [8,9]. 
Despite the increased lifetime of the slip-ring assembly, even longer 
lifetimes are required in new applications. 

Response to these demands is a new sliding electrical contact that 
was developed and patented [10]. It is based on an axial system of two 
graphite discs, with the stationary disc pressing against the rotating disc 
with an optimal contact force. The new system eliminates some of the 
classic design problems of slip-ring assemblies by increasing the contact 
area and, consequently, decreasing the electrical current density and 
the contact resistance. 

The new system [10] is also expected to benefit from using a gra- 
phite/graphite contact-material combination [11], rather than classic 
systems where the stationary graphite brushes press against a metal 
rotating slip ring, often made from copper or bronze [3]. This should 
result in a lower wear rate and, consequently, lead to a longer lifetime. 
Namely, in classic sliding electrical contacts consisting of a graphite 
brush and a copper slip ring the initial wear of the brush is relatively 
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high, until a graphite transfer layer forms on the metal slip ring. This 
leads to a graphite-on-graphite sliding contact that decreases the wear 
of the brush due to the lubricating effect of the graphite low-shear 
sliding between the basal planes [9]. Graphite has been used in sliding 
electrical contacts for a very long time, because of its beneficial sliding 
properties resulting from the low shear basal planes [12], as well as it's 
good electrical conductivity. When sliding without any electric current 
the coefficient of friction for the graphite/graphite is relatively low 
(0.1-0.3) if the sliding is in reactive environment (air, oxygen, water 
vapour) [13]. However, when sliding in a vacuum, without any electric 
current, the coefficient of friction can be much higher (0.45-0.6) [13]. 
It has been reported that the reason for the good tribological properties 
in a reactive environment are the interactions between the graphite and 
surrounding water vapour or another condensed vapour [12]. In a re- 
active atmosphere the electric current decreases the coefficient of 
friction in a graphite/graphite contact, mainly because the electric 
current accelerates the absorption of gas molecules onto the graphite 
surfaces, which then decrease the adhesion in the contact [13,14]. 
However, by increasing the electric current through the contact, higher 
dynamical contact loads, higher sliding speeds, higher contact pressures 
or a lower environmental air pressure occur and increase the contact 
temperature, which has a negative influence on the gas adsorption and 
diminish or eliminate the beneficial lubricating effect of the electric 
current. Therefore, the coefficient of friction increases, the adhesive 
component of the wear does not decrease and the abrasive component 
of the wear remains important because of the orientation of the gra- 
phite crystal's basal planes [13]. 

The newly designed electrical sliding contact [10] that reduces the 
contact pressure and consequently the potential wear, which is usually 
the life-determining parameter for these systems, thus gives potential 
that a further improvement of the tribological behaviour can be 
achieved in electrical sliding contacts by taking advantage of the self- 
lubricating effect of self-mating, graphite-on-graphite contacts [2,15]. 
The positive aspects of graphite/graphite materials in electrical sliding 
contacts have already been observed for commutators operating in fuels 
[16-18]. This is currently one of the few mass-production applications 
of sliding electrical contacts that are based on the graphite/graphite 
material combination. 

However, in spite of the above-mentioned studies, these are still 
relatively rare, and so the influence of graphite/graphite contact pairs 
subjected to a simultaneous electrical current remains unsearched and 
not understood in terms of the tribological properties and behaviour. 
For the successful operation of the new contact design of the sliding 
electrical contacts, the properties of different graphite combinations 
and an understanding of their tribological behaviour under specific 
conditions for a wide range of contact conditions is thus greatly lacking. 
In this study, the influence of the sliding speed, the normal load and the 
electric current on the properties and behaviour of sliding electrical 
contacts was investigated, by using three different, but commercially 
available, graphite material grades. 


2. Experimental 
2.1. Testing device 


A dedicated tribological testing device, shown in Fig. 1, was de- 
veloped and custom manufactured. The device has two sliding electrical 
contacts to enable a closed-loop electrical circuit. The contact is in the 
shape of a disc with an outer diameter of 19.5 mm and an inner dia- 
meter of 12.0mm. The device enables on-line measurements of the 
normal contact force and the friction torque for each sliding contact, 
from which the coefficient of friction is calculated. To measure the force 
and the torque, multi-component sensors are used (M-2416, Lorenz 
Messtechnik GmbH, Germany). A stationary sample is fixed on this 
multi-component sensor by special sample holder from PTFE material, 
and so electrically and thermally isolated from sensor. With torque 
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Fig. 1. Custom-made tribological testing device used for measuring the sliding 
electrical contacts. 


sensor the reaction torque, which is needed to withstand the rotational 
force from the friction of the rotating sample, is measured. The rotating 
sample is mounted on the shaft via another sample holder from PTFE 
material. Thermocouples are used for the on-line measurement of 
temperature at 1.2mm below the sliding contact, placed in the sta- 
tionary sample. A constant electric current was maintained from a po- 
sitive 14-V DC supply to the stationary sample, through the sliding 
contact to the rotary sample and then by isolated wire along the shaft to 
the second rotary sample and over the next sliding contact to the sta- 
tionary sample and back to the DC supply. The on-line contact-voltage 
drop is measured for each sliding contact using an auxiliary system of a 
brush and a slip ring in the middle of the shaft. The voltage drop is an 
indirect measure of the electrical contact resistance, which was calcu- 
lated from the measured voltage drop by dividing by the electric cur- 
rent (Ohm's law). The shaft is driven by a frequency-controlled elec- 
trical motor. The data for the measured parameters is acquired using 
analogue-to-digital converters and then processed using National In- 
struments LabVIEW software. The wear of the contact materials was 
determined by weighing the test samples before and after the test with 
an analytical balance (XA 210 / X, Radwag, Poland), having a resolu- 
tion of 0.01 mg and a repeatability of 0.02mg. The mass loss was 
transformed to the specific wear (mm?/Nm) to normalise the results for 
very different loads and sliding distances. 


2.2. Testing parameters 


The contact conditions were varied to study the effect of sliding 
speed at 2.5, 5 and 10m/s (corresponding to 3000, 6000 and 
12.000 rpm), normal contact load at 1.25, 2.5 and 5N (corresponding 
to 6.75, 13.5, and 27 kPa) and electric current at 0, 2, 4 and 8A 
(corresponding to current densities of 0, 1.1, 2.15 and 4.3 A/cm”). 
Testing parameters were selected according to the real application 
operating conditions. To simulate the broadest range of possible oper- 
ating conditions occurring in the applications and as many contact 
conditions as possible, the tests were performed in the following test 
matrix: two contact parameters were fixed at their intermediate values, 
and the third parameter was varied in the selected range. Each test was 
run for 24h to obtain relevant long-term behaviour under steady state 
and with measurable wear. For every contact condition three or four 
24-h tests were performed for each data point. Table 1 presents details 
of the contact parameters. 


2.3. Materials 


Three different graphite materials from well-established commercial 
grades were used in the tests. These graphite materials were selected 
according to the graphite supplier's recommendation and experiences 
regarding suitability in electric sliding end-user applications. The 
samples were made from the following materials: hard carbon, elec- 
trographite and polymer-bonded graphite. All were supplied by Schunk 
Carbon Technology GmbH, Austria. The main mechanical and physical 
properties of the selected graphite materials are listed in Table 2. 
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Table 1 
Matrix of tested parameters: variation of the lead parameter with the other 
parameters held constant. 


Lead contact parameter Variation of lead Constant 
parameter parameters 

Sliding speed v, m/s 2.5 m/s, 5m/s and 10 m/s I1=4A 

F =2.5N 
Normal contact load F, N 1.25 N, 2.5N and 5N v =5m/s 
(corresponding contact (6.75 kPa, 13.5 kPa and I1=4A 

pressure) 27 kPa) 

Electric current I, A 0A, 2A, 4A and 8A v=5m/s 
(corresponding current (0 A/cm?, 1.1 A/cm?, F =2.5N 


density) 2.15 A/cm? and 4.3 A/cm?) 


Table 2 
Mechanical and physical properties of the tested graphite materials. 


Material Density Sample Hardness Temperature of 
[g/em?] electrical HRC 5/15 heat treatment 
resistance [EC] 
[mQ] 
Hard Carbon 1.95-2.05 2.350 82 600-650 
Electrographite 1.70-1.95 3.573 92 = 3200 
Polymer-bonded 1.80-2.05 5.770 89 = 310 
graphite 


2.4. Surface analysis 


Before and after the tribological tests, extensive surface analyses of 
the contact samples were performed. Each sample was inspected with a 
3D optical microscope (Bruker ContourGT-KO) using white-light inter- 
ferometry (WLI) to evaluate the 2D and 3D surface topographies and 
the surface roughnesses before and after the tests. After the tribological 
tests, the boundary transfer layers were analysed to investigate their 
thickness and roughness to detect the tribofilm formation, and to study 
the transfer films between the paired contacting surfaces. The worn 
surfaces and the boundary films were also studied using a JEOL JSM 
IT100 scanning electron microscope (SEM) to investigate the wear 
mechanisms and the properties of the boundary films. 


3. Results 
3.1. Influence of operating variables on the performance of the contact 


3.1.1. Sliding speed 

The effect of sliding speed on the studied contact parameters is 
shown in Fig. 2. An increase in the speed decreases the coefficient of 
friction for the hard carbon and polymer-bonded graphite. A minor 
exception is the electrographite, which has a lower friction at low 
speed, but at the highest speed the friction also decreased, Fig. 2a. The 
effect of the sliding speed on the contact resistance strongly depends on 
the graphite material. For hard carbon and electrographite the contact 
resistance decreases with an increase of the sliding speed. This is the 
most pronounced for electrographite at the highest speed. The polymer- 
bonded graphite shows the opposite trend, i.e., its electrical resistance 
increases with speed (Fig. 2b). The effect of speed on the contact 
temperature is similar for all materials, i.e., increasing as the speed 
increases. However, the effect is more pronounced from 2.5 to 5 m/s 
than from 5 to 10 m/s. While the wear volume for all the contacts in- 
creases with speed (not shown), the specific wear decreased, which is a 
positive trend for the tribological contact behaviour. A notable excep- 
tion for such wear behaviour is the electrographite, for which the 
specific wear abruptly increased at the highest speed (10 m/s). It also 
had a very large variation in the performance (see scatter in Fig. 2d), 
indicating non-controlled and very changeable contact conditions in the 
different tests. 
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3.1.2. Normal contact load 

The effect of the normal contact load on selected contacts is shown 
in Fig. 3. The coefficient of friction generally decreases with an increase 
in the normal load. This is true for all materials, with a minor exception 
being the electrographite at 2.5 N, but here the scatter of results is 
higher than usual. Similarly, the electrical contact resistance decreases 
for all the materials as the load is increased (Fig. 3b). In contrast, as 
expected, the contact temperature increases with an increase of the 
load, which is true for all three material pairs. The normal load also has 
an influence on the specific wear. It is notable that for all three mate- 
rials the specific wear is the lowest at an intermediate load. Overall, it is 
clear that the normal load has a positive effect on the sliding contacts if 
the wear remains within acceptable limits. 


3.1.3. Electric current 

The influence of the electric current is shown in Fig. 4. For all the 
material pairs the friction increases at low current values compared to 
the no-current conditions. With a further increase in the electric cur- 
rent, however, the friction has a different behaviour, depending on the 
materials. For the electrographite the coefficient of friction increases 
monotonically with current. For the polymer-bonded graphite the trend 
is the opposite, i.e., the friction decreases. For the hard carbon the 
electric current does not show any significant change and the friction 
remains approximately the same for all current values (Fig. 4a). The 
influence of the electric current on the contact resistance is mainly 
positive and so the electrical contact resistance decreases. Interestingly, 
the hard carbon and the polymer-bonded graphite exhibit almost 
identical behaviour, with the electrographite having a lower electrical 
resistance. From the results it is clear that the electric current sig- 
nificantly increases the contact temperature (Fig. 4c). In contrast, the 
electrical current has a more complex effect on the specific wear for the 
three material pairs. In the case of the polymer-bonded graphite its 
influence is practically negligible, irrespective of the current value. For 
the hard carbon the specific wear increases from the conditions of no 
current. However, with a further increase of the current, the specific 
wear first increases slightly and then decreases at the highest current. 
Interestingly, for the electrographite the curve is just the opposite, i.e., 
the specific wear is significantly lower (more than 10-times) when the 
electric current is present at low values, and also the lowest of all the 
tested materials. However, at the highest current, all three materials 
have a similar specific wear. 


3.2. Long-term tribological behaviour and contact stability 


The evolution and stability of the measured parameters and their 
variations during the long-term testing is very important for an eva- 
luation of the contact reliability and the long-term performance, as well 
as for understanding the observed parametric effects. Fig. 5 shows the 
coefficient of friction and the electrical contact resistance at inter- 
mediate values of the selected conditions for all three material pairs. 
These curves are also very representative for the behaviour of these 
materials in other test conditions. All the measured parameters are 
more stable in tests with mild and moderate operating conditions. 
However, under the most demanding test conditions (highest contact 
load, 5 N; largest electric current, 8 A; and highest sliding speed, 10 m/ 
s) all the material combinations show larger fluctuations or sometimes 
some instabilities that change the initial behaviour and the trends. The 
most unstable contact behaviour is exhibited by the electrographite, 
where on some occasions even a test interruption occurred. Such un- 
stable friction behaviour in the electrographite contacts is evident in 
Fig. 5c. On the other hand, the hard carbon has the most stable beha- 
viour during the tests (Fig. 5a and b). The polymer-bonded graphite 
shows wide-interval fluctuations for the coefficient of friction, as well 
as for the contact resistance. As a rule, changes in the coefficient of 
friction and the contact resistance are simultaneous, although they are 
opposite in magnitude. This means that when the coefficient of friction 
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Fig. 2. Influence of the sliding speed on (a) the coefficient of friction, (b) the contact resistance, (c) the contact temperature and (d) the specific wear. 
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Fig. 4. Influence of the electric current on (a) the coefficient of friction, (b) the contact resistance, (c) the contact temperature and (d) the specific wear. 


drops, at almost the same time the contact resistance starts to rise 
(Fig. 5e and f). 


3.3. Surface analysis 


The test parameters influenced the appearance of the contact sur- 
face, and each material exhibited individual behaviour. Nevertheless, 
for all the materials and conditions a specific surface film was generated 
during the test. Fig. 6 presents SEM images for all three contact mate- 
rials and different contact loads when an electric current was applied to 
the contact. In the case of the hard carbon, the surface boundary films 
are relatively dense and contain many detached, fractured areas. The 
film has a lot of wear debris in the cavities and on the surfaces, in- 
dicating an unstable boundary film with strong fracturing of this film 
into small, loose particles that are present on the contacting surfaces. 
The film and the debris have sharp edges and often the cracks are seen 
on the film, suggesting a degree of brittleness for these layers. For the 
electrographite contacts the films are more plastic in nature and of 
porous appearance, and the film is clearly not densely compacted. 
Occasional loose particles can be seen on the surfaces as well. However, 
no sharp edges can be found, suggesting plastic behaviour rather than 
brittle behaviour, which appears to be typical for hard carbon. For the 
polymer-bonded graphite the contact film is usually smoother than with 
other materials and is well compacted. This clearly shows the highest 
degree of plastic deformation, the highest of all three materials, and the 
best alignment of the contacting surfaces. Moreover, for the polymer- 
bonded graphite surfaces the size and the amount of loose wear parti- 
cles are the smallest. 

Taking into account the variations in the nominal contact load, 
thicker films or films with more layers are formed at higher contact 
loads for all the materials. 

However, different surface features were found on the surfaces 
where no electric current was present in the contact. Interestingly, for 
these tests the appearances of the contact surfaces for all three contact 
materials were very similar. It is difficult to identify any obvious 
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difference in the surface boundary layers between the three different 
graphite materials. However, unlike the electric current tests, there was 
always a large amount of loose wear particles on the surfaces, and the 
layers were extremely damaged, lots of flaked-off, detached regions 
were observed, with a much more brittle appearance than with the 
electric current (Fig. 7). 

Another clear indication of the wear mechanisms is observed at a 
larger scale. White-light interferometry was used to assess the appear- 
ance of all the surfaces, in addition to the SEM. The contact surfaces 
under all the test conditions have a characteristic pattern of concentric 
scratches, corresponding to the sliding direction, presented in Fig. 8. 
These abrasive scratches are typically already visible with the naked 
eye and increase with an increase in the load, so supporting the strong 
effect of the load on the wear. The valleys and peaks are wide, from 50 
to 500 um, and from + 2 to + 80 um in depth or height. While the 
hard carbon and the electrographite show typically narrower, but 
deeper scratches, the polymer-bonded graphite has wider and shallower 
versions. At a low contact force of 1.25 N, the worn contact surfaces are 
fairly smooth after the tests in comparison with surfaces at 5 N, where 
the surface roughness is up to 10-times larger, as evidenced by the data 
in Table 3. 


4. Discussion 


The purpose of this study is to improve understanding of the contact 
parameters effects on graphite/graphite sliding electrical contacts in a 
novel and patented disc-on-disc design, and to select the most suitable 
graphite materials providing the best performance of both, tribological 
and electrical performance, as well as reliable behaviour in range of 
target application conditions. All the studied parameters have a sig- 
nificant influence on the contact behaviour and performance. The ef- 
fects vary depending significantly on the selected materials, which are 
briefly described later in terms of their general behaviours. Moreover, it 
seems that there are some optimal contact conditions for each material 
and parameter, while the properties of specific boundary surface films 
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Fig. 5. Representative curves of the coefficient of friction and the contact resistance for (a, 


bonded graphite under nominal test conditions (2.5 N, 5 m/s and 4 A). 


that are formed are a direct consequence of the applied conditions and 
the material properties, and support the observed parametric beha- 
viour. 


4.1. Overall influence of the contacting parameters 


Higher speed is, generally, a positive parameter, since it broadly 
reduces the friction, specific wear and the contact resistance; its only 
negative effect is the increase in temperature (Fig. 2). This is true for 
almost all the materials. There is one clear exception to this behaviour, 
which is observed as high wear of the electrographite at very high 
speeds, Fig. 2d. The major problem with the electrographite is the very 
unstable contact behaviour (Fig. 5c), which at high speeds only em- 
phasizes this unfavourable property. It is possible that the surface film 
is not covering the contact area sufficiently due to the notable porosity, 
so the running is not smooth, and at high speed the running becomes 
more unstable and some arcing might occur in the contact. The com- 
bination of possible arcing and especially high contact temperatures 
(Fig. 2c) are the main cause of intensive wear under such contacting 
conditions. Similar findings were made previously, where an increase in 
the contact temperature with the sliding speed was reported [19-21], 
and at the same time a reduction in the friction was measured with an 
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increased speed [21]. 

The normal load has a similar effect to that of the velocity. It re- 
duces the friction, which was also observed previously [20,22]. More- 
over, an increased normal load reduces the contact resistance, which is 
due to an increase in the real contact area that promotes a reduction in 
the contact resistance across the contact [2]. However, a moderate in- 
crease in the normal load decreases the specific wear, but at high loads 
this increase in the wear can be very high (Fig. 3). This is because a very 
low load allows a lower real contact area, and thus a higher contact 
resistance and sparking, which then increases the temperature and the 
wear due to electrical erosion [20,22,23]. Therefore, too low loads are 
not favourable in these contacts. On the contrary, an increase in the 
load makes the contact more stable under electrical contact conditions, 
which is a positive effect of the load. Nevertheless, at too high loads, 
there is again an increase in the wear (Fig. 3d) due to several wear 
mechanisms being promoted, especially abrasion, which was clearly 
noticed and very much a result of the load, see Fig. 8 and Table 3. It is 
thus clear that for certain conditions there is an optimal contact load at 
which the wear is the lowest. In our experiments, the lowest wear was 
obtained in the case of a medium contact force, i.e., 2.5 N (Fig. 3d). This 
is a very strong indication that the load should be very well balanced; in 
which case it even has a positive effect, but it can become detrimental if 
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Fig. 6. SEM images of the paired contact surfaces for different contact loads at nominal speed and current (5 m/s, 4 A). 


the load is not carefully set. The temperature, however, increases with 
an increase in the load under all conditions (Fig. 3c). 

The electric current is clearly only positive for a reduction in the 
contact resistance (Fig. 4b). Such a positive influence was also found in 
many similar studies of electrical contacts [21,24—26]. However, the 
effect of the electric current for all other parameters is less obvious and 
more contact- and material-dependent. This is especially true for fric- 
tion and wear, which can be positive or negative as the current is in- 
troduced and increased. In terms of wear mechanisms, it was noticed 
that the surface layers are more brittle in the absence of an electric 
current, which would thus suggest higher wear. However, this is not 
straightforward, as depending on the materials, electrical erosion can 
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Electrographite 2.5N,0A 


occur, which acts as an additional wear mechanism and so increases the 
wear. Accordingly, the effect is indeed diverse, depending strongly on 
the materials used. Different effects of the electric current on the 
coefficient of friction have also be detected in other studies. Although in 
most studies a markedly positive effect is indicated [13,14,25,27-29], 
as the electric current accelerates gas absorption to the surfaces, 
thereby reducing adhesion in the contact [13], it is also reversed in 
some trends [20], or in the absence of oxygen in the contact, even 
significantly negative [13,30]. However, like velocity and load, the 
current always increases the contact temperature. 


60um 
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Fig. 7. SEM images of the paired contact surfaces for tests without an electric current (5 m/s, 2.5 N, 0 A). 
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Fig. 8. (a) WLI image at 1.25 N and (b) WLI image at 5N for the polymer-bonded graphite (5 m/s, 4 A). 


Table 3 
Major statistical roughness parameters for the polymer-bonded graphite sur- 
faces at 1.25 N and 5N. 


Parameter Load 1.25 N Load 5N 
Sa Arithmetic mean height, ym 0.882 5.499 

Sp Maximum height of peaks, ym 8.249 24.613 
Sq Root-mean-square roughness, pm 1.114 6.969 

Sv Maximum depth of valleys, ym — 2.500 — 20.629 
Sz Maximum height of the surface, ym 10.750 45.254 


4.2. Comparison of different graphite materials 


Hard carbon generally has the worst performance in our study. In 
almost all conditions it provides the highest wear, temperature and 
contact resistance. Only in terms of friction does it always show values 
between the electrographite and polymer-bonded graphite, and this 
was true for all the parameters studied. However, it is notable that hard 
carbon has the most stable contact behaviour, Fig. 5a and b. Surface 
analyses support the observed behaviour, as the surface film of hard 
carbon is thin and, in spite of many detached areas, there were fewer 
changes observed during the tests, which was true regardless of the 
variations in the contact conditions (Fig. 6). The brittle nature of the 
films caused less plastic deformation and fewer inter-lockings of the 
debris. This is also in accordance with a slightly lower friction. How- 
ever, the hardness and the associated brittleness increase the wear, 
reduce the contact area and so increase the contact resistance and the 
temperatures. 

Electrographite clearly shows the lowest electrical resistance, which 
was expected because of its generic design property (see Table 2). 
However, it mainly shows the highest coefficient of friction, especially 
under more severe conditions for all the parameters studied. In con- 
trast, in mild conditions, the wear is typically the lowest. However, the 
wear increases significantly when the conditions become more severe, 
such as at the highest sliding speed (Fig. 2d) or a high electric current 
(Fig. 4d). Interestingly, electrographite also shows very high wear when 
operating without an electric current (Fig. 4d). It was also noticed that 
great instabilities in the contact conditions are possible (Fig. 5c), in 
particular under the most severe conditions, which result in high wear, 
friction and temperature. In this regard it was found that the electro- 
graphite surface films are more porous, i.e., less dense, and allow for 
many detachments from the surface (Fig. 6). Severe contact conditions 
thus lead to an easy disruption of the surface film and break-down, 
which in turn results in loose wear debris and film flakes delaminated 
from the surface, which supports the large instabilities observed under 
such demanding conditions. 
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Polymer-bonded graphite always results in the lowest friction, the 
lowest contact temperature and has very low to moderate wear. This 
makes it the best electrical sliding material in this study. However, the 
contact resistance is the highest or second highest, but always very 
close to the results for the hard carbon. It has also been noted that the 
responses of the coefficient of friction and the contact resistance are 
very fast mutual responses, but are just the opposite, if the coefficient of 
friction decreases, the contact resistance increases and vice versa, see 
Fig. 5e and f. Such inverse behaviour of the coefficient of friction and 
the contact resistance was also observed in another study [3]. This can 
be explained by the very dense and smooth surface layers with a high 
contact alignment. Therefore, a low contact resistance indicates an in- 
crease in the contact area, but this in turn means greater adhesion 
between the surfaces and so a higher adhesive component of the fric- 
tion. Such an explanation is supported by the SEM (Fig. 6) and the 
white-light interferometry (Fig. 8) images as well. On top of several 
positive behaviours observed for polymer-bonded graphite, the stability 
of the contact conditions in a long-term evaluation was also good 
(Fig. 5). 


5. Conclusions 


1. The sliding velocity and the normal load generally improve the 
tribological behaviour of electrical sliding contacts, but there are 
specifics for each material to consider. In particular, the normal load 
has to be properly set at an intermediate stage, since too low or too 
high loads cause high wear due to electric erosion and abrasion, 
respectively. 

2. The electric current can have a positive or a negative effect on the 
contact behaviours, but this depends very strongly on the selected 
materials and other contact parameters. 

3. The hard carbon showed the worst tribological behaviour in this 
work, and this was true for all contact parametric variations, but the 
long-term running performance was stable. Also, the electrographite 
performed quite poorly for all the contact conditions, except for the 
increased electric current, and moreover showed an extremely un- 
stable running performance. 

4. The polymer-bonded graphite performed the best in this study, de- 
spite higher contact resistance. It has the best tribological perfor- 
mance and the lowest contact temperature of all three materials, 
and was largely independent of the contact conditions, as well as 
having good long-term stability. 

5. The surface boundary films were generated on all the materials 
under all conditions, and their properties strongly influence the 
contact behaviour, as in most cases the behaviour can be explained 
by their characteristics. 
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